NASA TECHNICAL NOTE NASA TN D-405

e————— p— S ————

¢.|

LOAN COPY: RETURN TO
AFWL (WLIL-2)
KIRTLAND AFB, N MEX

NASA TN D-4057

AN EXPERIMENTAL INVESTIGATION OF
PRESSURE DROP AND HEAT TRANSFER FOR

WATER BOILING IN A VERTICAL-UPFLOW
SINGLE-TUBE HEAT EXCHANGER

by James R. Stone and Thomas M. Damman

Lewis Research Center
Cleveland, Obio

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION + WASHINGTON, D. C.

7

h9.0E10

(LM

e JULY 1967

WN ‘adV AHvHaIT HOalL



LIBRARY KAFB, NM

\\ll\\\“\l\\\lll\\\\\ll\\\\ll\lI\\\\l\l\\\l\

NASA TN D 4057

AN EXPERIMENTAL INVESTIGATION OF PRESSURE DROP AND
HEAT TRANSFER FOR WATER BOILING IN A VERTICAL-
UPFLOW SINGLE-TUBE HEAT EXCHANGER
By James R. Stone and Thomas M. Damman

Lewis Research Center
Cleveland, Ohio

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Clearinghouse for F deral Sci and Technical Information
Spri gf 1d, Vir rginia 22151 — CFSTIp e $3.00



AN EXPERIMENTAL INVESTIGATION OF PRESSURE DROP AND HEAT
TRANSFER FOR WATER BOILING IN A VERTICAL-UPFLOW
SINGLE-TUBE HEAT EXCHANGER
by James R. Stone and Thomas M. Damman

Lewis Research Center

SUMMARY

Experimental data were obtained on heat transfer and pressure drop for water boiling
in the inner passage of a single-tube heat exchanger. The heating water flowed through
the annular shell in either parallel or countercurrent flow. The heating water flow rate
ranged from 2000 to 8500 pounds per hour (0.25 to 1.07 kg/sec), and its temperature
ranged up to 348° F (4490 K). Boiling fluid flow rates ranged from 50 to 870 pounds
(mass) per hour (0.0063 to 0. 11 kg/sec) or mass velocities from 5. ox10% to 8. 7><105
pounds (mass) per hour per square foot (67 to 1200 kg/ (sec)(mz)). Exit pressure from
the boiler tube was varied from 3.5 to 24 pounds per square inch absolute (24 to 164
kN/ mz). The highest heating rates obtained were 69 000 Btu per hour (20 200 W) in a
44.5-inch-long (1.13 m) tube and 118 000 Btu per hour (34 600 W) in a 60. 5-inch-long
(1.54 m) tube. The nominal inside diameter of each tube was 0.43 inch (1.1 cm).

Correlations were obtained of pressure drop and mean boiling-side heat-transfer
coefficients. A slip-flow model was used to determine the mean two-phase friction
factor from the experimental data. This friction factor was then correlated as a function
of mean liquid and vapor Reynolds numbers.

Mean boiling-side heat-transfer coefficients were correlated for conditions under
which the transition to dry-wall boiling did not occur. The ratio of the mean boiling-side
heat-transfer coefficient to that for all-liquid turbulent flow was found to increase with
increasing pressure and exit quality.

Limited data for the transition to dry-wall boiling were found to agree approximately
with burnout data for water boiling in electrically heated tubes.

INTRODUCTION

Rankine cycle systems with alkali metals as working fluids are of interest for use in



space power generation. Such systems would include two-phase heat-transfer compo-
nents, namely, condensers and boilers. Two types of boilers are being considered; one
in which the working fluid boils directly in the reactor and one in which the working

fluid is boiled in a heat exchanger. With the heat-exchanger type, the heat supply liquid
is heated by flowing through the reactor. In order to design such systems, data on
boiler performance are required. This investigation is devoted to the performance of
heat-exchanger boilers. Since experiments on the boiling of alkali metals are difficult
and expensive to perform, this investigation of water-boiling heat exchangers was under-
taken. The boiling pressures were held under 25 pounds per square inch absolute

(170 kN/m2), so that the liquid-to-vapor density ratio was of the magnitude to be expected
for alkali metals in Rankine cycle space power systems.

Much information has been obtained on the boiling of water and other nonmetallic
fluids, but.most of it for boiling in electrically heated passages. Notable exceptions are
the investigations by Dengler (ref. 1), Dengler and Addoms (ref. 2), Woods (ref. 3), and
McAdams, Woods, and Bryan (ref. 4), wherein water was boiled in tubes heated by con-
densing steam. Similar data for the boiling of benzene are also given in reference 4.

Nucleate boiling has been studied by numerous investigators; some of these investi-
gations are reviewed by Tong (ref. 5). Many sources of data for the convective boiling
regime are also listed in reference 5. The correlations of references 6 to 8 are com-
monly used for the nucleate boiling regime. Correlations for heat-transfer in the con-
vective boiling region are given in references 1, 2, and 9 to 15. These correlations
predict different trends of the variation of the boiling heat-transfer coefficient with such
variables as flow rate, quality, and physical properties.

Correlations of boiling pressure drops are also numerous. A number of these
correlations are based on the early work of Lockhart and Martinelli (ref. 16), for
example, those of references 17 and 18. The dimensional analysis of Lockhart and
Martinelli (ref. 16) has also been applied to the correlation of heat-transfer data
(refs. 1, 2, and 9 to 11). Levy (ref. 19) has proposed a momentum-exchange model,
in which he postulated that as void fraction, quality and densities of the two-phase flow
vary, momentum exchange equalizes the sum of frictional and gravitational head losses
for the two phases. Thom (ref. 20) has developed a semiempirical correlation in which
momentum, energy and mass balances are solved, assuming that the slip ratio (ratio
of gas velocity to liquid velocity) is a function of the density ratio only. The two-phase
friction factor was correlated as a function of quality.

Pressure-drop and heat-transfer data were obtained in this investigation for
stainless-steel boiler tubes having 0.430 and 0.436 inch (1.09 and 1.11 cm) inside
diameters and heated lengths of 44.5 and 60.5 inches (1.13 and 1. 54 m) respectively.
Boiling fluid flowrates ranged from 50 to 870 pounds (mass) per hour (0.0063 to 0.11
kg/sec) or mass velocities from 5><104 to 8. 7><105 pounds (mass) per hour per square



foot (67 to 1200 kg/(sec)(mz)), at pressures from 3.5 to 24 pounds per square inch
absolute (24 to 165 kN/mz), with heating fluid flow rates from 2000 to 8500 pounds (mass)
per hour (0.25 to 1. 07 kg/sec). Data were obtained on overall pressure drop through

the boiler and mean boiling-side heat-transfer coefficients over the combined nucleate
and convective boiling regimes. Limited data were also obtained on the transition to
dry-wall boiling. The pressure drop data reported herein were correlated by a slip-
flow model similar to that of Thom (ref. 20).

APPARATUS

A schematic diagram of the test rig is shown in figure 1. The two-phase loop was
the one described and used in reference 21, with the exception of the test section. The
boiling fluid flow was supplied by a gear pump having a maximum output of 2 gallons per
minute (1. 25x10~4 m3/ sec). The flow was measured by one of the two turbine flowmeters
having overlapping ranges. The flow then passed through a coiled stainless-steel elec-
trical preheater. The maximum preheater power available was 70 kilowatts. The flow
then passed through a remotely operated control valve into the test section. From the
test section exit the flow passed through a 2-inch (5. 1-cm) pipe to a spray condenser.

The coolant was supplied to the condenser by a centrifugal pump having a nominal maxi-
mum capacity of 100 gallons per minute (6. 3x10™3 m3/ sec). From the condenser the
flow passed into a multiple-tube heat exchanger cooled by cooling-tower water. In most
cases the condenser coolant pump was shut off and the condensing was done in the heat-
exchanger cooler.

T he heating fluid loop was designed for operation at pressures up to 200 pounds per
square inch absolute (1400 kN/mz) and temperatures up to 350° F (450° K). The heating
water was pumped by a centrifugal pump (4 to 20 gal/min or 2. 5x1074 to 1.3x1073 m3/sec)
into a tank equipped with an immersion heater, having a maximum output of 220 kilowatts.
The heating-water flow through the test section could be changed from the countercurrent
to the parallel flow direction by reversing the two connecting flexible lines (fig. 1). The
heating fluid flowrate was measured by one of two turbine flowmeters having overlapping
ranges.

A schematic test-section drawing is shown in figure 2. Both test sections consisted
of to two concentric stainless-steel tubes; the dimensions of the test sections are given in
table I. The boiling fluid flow was vertically upward. For test section 2, boiler-tube
inlet and exit pressures were measured by Bourdon-type gages as was the exit plenum
pressure for both test sections. The gages were mounted at the same height as the pres-
sure taps; the inlet and exit pressure gages of test section 2 were located less than
1 foot (0.4 m) from the taps. Thermocouples were inserted in both the inlet and exit



plenum chambers and in the heat supply inlet and exit lines. The shell-wall temperature
was measured by 16 thermocouples spaced axially in the same plane. At three of these
axial positions two other thermocouples were spaced 120° apart circumferentially around
the tube. Thermocouples were imbedded in the inner-tube wall about 0.007 inch

(0.18 mm); these thermocouples were then covered with a thin layer of cement to smooth
the annular flow passage as shown in figure 2. The inner-tube wall thermocouples were
used only to determine the onset of dry-wall boiling. There were 5 such thermocouples
on test section 1 and 22 on test section 2. All of the thermocouples were copper con-
stantan. The outer shells of the test sections were wrapped with a fiberglass insulating

/

material.

PROCEDURE

The dissolved-gas content of the water was maintained at about 3 parts per million
by weight (or less) by venting the top of the condenser while boiling (method of deter-
mining gas content is discussed further in ref. 21). This was done each day before data
were taken. )

The conditions for each run were established by adjusting power to the main heater
and preheater and setting the pump speeds and expansion tank pressures at selected
values. When the inlet and exit temperatures became constant with time (or in some
cases, slightly oscillatory), the data for that run were taken. In some cases the heating-
fluid exit temperature oscillation was as much as +2° F (z1. 1° K), or 30 percent in
heating rate. Temperatures were automatically recorded on strip charts. Flow rates
and pressures were read from gages. Boiling-fluid flow oscillations greater than
+5 percent are indicated in the tables. No data are presented for which the boiling-
fluid flow oscillation was greater than +10 percent.

DATA ANALYSIS
Heat Loss Calibration

In order to determine the heat loss from the test section, a series of nonboiling runs
was made. A heat balance was made between the two streams. The heat given up by the
heating fluid was calculated from the following equation (Symbols are defined in the

appendix. ):
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Qg = WyCpu(Tyr - Tyr) (1)

The heat gained by the coolant in the boiler tube was calculated from
Q= Wgtp;(Tgg - Ty (2)

An estimate of the heat loss to the ambient air indicated that such losses were negligible;
therefore, the heat loss Qg where Q= QH - Q, was assumed to be due to end con-
duction losses. If the inlet and exit pipe lines were essentially at fluid temperature, the
temperature difference between streams at each end of the the test section might be an
adequate indication of the driving potential for heat loss. Therefore, it was assumed
that the sum of the heating-fluid-to-coolant temperature differences at the two ends of
the boiler adequately represented the driving potential for such heat loss. The heat loss
could be adequately represented by the empirical equation

Qp, = K[(Tgy - T + (Tyrgg - Ty ®)

where K = 5.0 Btu per hour per °F (2.6 W/OK). The heat loss QL was typically

2 to 4 percent of QH; although for small values of QH’ Qq, approached 13 percent of
QH. A comparison is made in figure 3 between the measured heating-fluid temperature
drop (corrected for heat loss) and that computed from the coolant temperature rise.

The average error in heating fluid temperature drop (corrected for heat loss) was 4 per-
cent for temperature drops greater than 4. 5° 2. BOK) but increased to 9 percent for
smaller temperature drops. If the flow measurements were accurate, the percentage
error in Q would be the same as for ATH.

Calculation of Tube-Side All-Liquid Heat-Transfer Coefficient

The tube-side all-liquid heat-transfer coefficient, required in subsequent calcula-
tions, was determined from reference 22. The ratio of local to fully developed heat-
transfer coefficients is given therein as a function of Prl, z/D, and LU/D. The fully
developed heat-transfer coefficient is correlated by a plot of (hde/kZ)(DG/ ul)'o' 8 asa
function of PrZ . The ratio hfd/h(z), the ratio of local to fully developed thermal
resistances as calculated from reference 22, was plotted against z for several Prl.
The ratio of the average thermal resistance, 1 /hL to fully developed thermal resistance
was found by graphical integration up to LH/D for each test section. Plots of calcu-



lated values of (hLD/kl)(DG/'u Z)_0' 8 against Pr; for each test section were found to
well represented by the equation

h, D 0.8
L= - 0.023(2E) " "prY-0 (4)
) )

Determination of Thermal Resistance of Tube Wall and Heating-Fluid Stream

To determine the thermal resistance of the tube wall and the heating-fluid stream,
the data from the nonboiling runs were again used. The average overall heat-transfer
coefficient U was computed by the following equation for countercurrent runs:

Q ,(THE " TBI

S Tar - TE (5)
(Tyg - Tpp - (T - TeE)

U=

For parallel-flow runs, the subscripts HE and HI must be interchanged. The mean
tube-side heat-transfer coefficient was calculated from equation (4). Since the thermal
resistances act in series, the combined resistance of the tube wall and heating-fluid
film, Ro may be found from the equation

Ro=i-hi (6)
U by

The wall resistance was assumed constant, while the heat1ng—f1u1d film resistance was
assumed to be proportional to the grouping (D1 /k )Re'0 8Pr , where root-mean-

square of properties at inlet and exit were used. The res1stance R was then plotted
against (Dl/ )R -0. 8 rH0 5 for each test section as shown in flg'ure 4. The results
were correlated by equation (7a) for test section 1 and equation (7b) for test section 2,

that is,

D
1 -0.8,..-0.5
R, =Ry + 35.6<k—> Rey " "Pry (7a)
H
_ 1 -0.845..-0.5
R, =R o + 47<Q:—>ReH Pry (o)
H



where the intercepts Rwl and sz are the tube-wall thermal resistances (approxi-
mately equal to wall thickness divided by thermal conduct1v1ty) Then Rwl is

0.00028 hour square foot °F per Btu (0 000049 (M )(°K)/W, and Ry is 0.00026 hour
square foot °F per Btu (0.000046 (M )(°K)/W). Values of U calculated from equation (5)
were compared with values computed from equation (4), (6), and (7a) or (7b) in figure 5.
It can be seen that for the nonboiling runs the mean overall heat-transfer coefficient
agreed with the correlations to within less than 10 percent.
Reduction of Thermal Data
For each boiling run the heating rate Q was computed from the following equation:
Q=Qy - Qy, (8)

where Qg and Qg were computed from equations (1) and (3), respectively. The exit
vapor quality was calculated assuming thermodynamic equilibrium by the equation

Xg = —— - — (Tgg - TP ®)

The enthalpy-weighted mean overall temperature difference was computed from

— [Waen; (Tam - Ty W)
_ B°Pi\'SE ~ ' BI E
AT = ATSCI: ] + ATB<———> (10)

Q Q
where ESC is the arithmetic-mean temperature difference from | the boiler inlet to the
point where the boiling-fluid bulk temperature reaches TSE and ATB is the arithmetic-
mean temperature difference over the remaining length of the boiler. Utilizing an
enthalpy-weighted mean temperature difference, as opposed to length weighted, allows
calculations to be made without first estimating the temperature distributions. Based

on this mean temperature difference, the overall mean heat-transfer coefficient was
computed from the following equation:

(11)

The thermal resistance of the tube wall and heating fluid was computed from equation (7a)



or (7Tb). Thus the mean boiling-side heat-transfer coefficient was computed from

hpy=—3% (12)

Pressure Drop Calculations

Application of the laws of conservation of energy, mass, and momentum yields the
pressure drop as the sum of three terms - inertial, frictional, and gravite’ional. The
results of Thom (ref. 20) for constant heat flux, friction factor, and physical properties
are given as

2 P
API= G 1+XE 172 [1+XE(V-1):| -1 (13a)
8., Vo,
tppG Ly )
APp=——— (|l +xp|=—- [1+xE(V—1):| +1 (13b)
g.P; D Vpg
pu N
P
1 }._Z—l In 1+XE _:!‘___l__
P Vo, V Vop
AP, =p,L [EW_V s g ] (13c)
G=Pilu 3 f
/1Py [Py “E
vag V Py J

In the previous equations V is the ratio of mean gas velocity to mean liquid velocity.
The inertial pressure drop API is a function of the mean density and velocity at the
inlet and at the exit and is independent of the local heat flux distribution within the boiler.
Uniform heat flux was assumed in order to obtain the frictional and gravitational pres-
sure drop equations (eqs. (13b) and (13c)). Since the heat flux was not necessarily
uniform and the two-phase friction factor fTP was not necessarily constant (as is
assumed in the integration), the experimental values of fTP are effective mean values.
The gravitational pressure drop APG generally is relatively small. Since the inception
of boiling was very near the inlet for nearly all of the data, the total heated length is
used in equations (13b) and (13c).

In order to use equations (13), the parameter V must be known. In correlating the



data it was found by trial and error that the approximation V = m appears valid.
Although this is different from the relation between velocity ratio and density ratio used
in reference 20, it should be noted that the correlation obtained therein is applied only
to the pressure range well above 200 pounds per square inch absolute (1. 4x108 N/mz).

The pressure drop equations (eqs. (13)) may be combined, assuming V = m,
to yield the following:

G2 Py 2 Ly Py 2
AP = 1+xE — -1 —1+fTP—- 1+xE —-1 +1
plgc pg D pg
8 _1 fé \/’ In|1 + xpl1/— -1
P P
¥ pLH<£) : > (14)
2
g PZ
— - XE
pg Py ]
Or more simply
2 L
AP =—8" R, +f o B\ R, + 2)| +R,(E )0, L (14a)
1 TP 1 2 ITH
Plgc D g
where
(14b)
and
(14c¢)

For convenience, the multipliers R1 and R2 are plotted against X for various
values of pl/pg in figures 6 and 7, respectively.



To determine the two-phase friction factor from the experimental data, equation (14)
may be solved for fTP as follows:

2
RlG

g -
AP - Rzpl<g_>LH >
c A (15)

£ = —
TP 2
Dngc

(Ry + 2)

RESULTS AND DISCUSSION

Single-tube heat exchanger boiling data on pressure drop, heat transfer, and the
onset of dry-wall boiling are presented and discussed in this section. Comparisons are
made with other water data and with alkali-metal data.

Tabulation of Data

The basic experimental data are tabulated in table II. Tabulated therein are the
flow rates, inlet and exit temperatures for both streams, the heating rate, exit quality,
boiler exit pressure, and the critical length (the bbiler-tube length to the point where a
large rise in wall temperature was observed). The tabulated boiling-fluid exit tempera-
ture is the saturation temperature at the boiler exit pressure, since there was a notice-
able pressure drop through the exit plenum chamber, especially at subatmospheric
pressures. The boiler inlet pressure is also tabulated for test section 2 only.

Pressure Drop

The semi-empirical, slip-flow model presented in the section Pressure Drop
Calculations was used to evaluate two-phase friction factors from experimental pressure
drop data. The pressure drop data presented herein, the data of Dengler (ref. 1) for
water in upflow through a 20-foot (6.1-m) high, 1-inch (2. 5-cm) inside diameter steam-
heated boiler, and some unpublished NASA sodium boiling data were examined. It was
found that the two-phase friction factor could be correlated as a function of mean liquid
and gas Reynolds numbers, defined as follows:

10



Re, = DS <1 - X_E_'> (162)

X
Re = DG TE (16b)

It was assumed that the variation of fTP with the gas Reynolds number is given by
fTP ~ RegO 2. Therefore, fTPReg 2 was plotted against Rel as in figure 8. The

data may be correlated by the following equation:

-0.2

fpp = 0.020 Re; %(1 + 0.027 Re?- %) (17)

l

Values of AP calculated from equations (14), (16), and (17) are compared with the
experimentally observed values in figure 9. The agreement is within +20 percent for
AP greater than 7 pounds per square inch (50 kN/mz) with the agreement being poorer
for smaller pressure drops.

Heat Transfer

Experimental values of the mean boiling-side heat-transfer coefficient are plotted
against exit quality for various boiler flow rates at an exit pressure of approximately
17 pounds per square inch absolute (115 kN/mz) in figure 10. It can be seen that hB
increases strongly with flowrate and exit quality (provided that transition to dry-wall
boiling did not occur). This increase of hB with flow and quality indicates that the
dominant mechanism may be of a convective nature. The effect of flowrate can be
approached by assuming that hB is proportional to hL’ the coefficient for all liquid
flow at the same total flow rate and temperature. This is shown in figure 11, where
hB/hL is plotted against Xp for exit pressures of approximately 8 and 17 pounds per
square inch absolute. The mean boiling-side heat-transfer coefficient increases with
increasing pressure for a given flow rate and exit quality even though the vapor velocity
would tend to decrease due to the increasing vapor density. This increase of heat-
transfer coefficient with pressure has also been observed in unpublished alkali-metal
data. The effect of pressure may be correlated by plotting h /h against

E(P /PC)0 5, where PC is the critical pressure, as shown in flgure 12; the data shown
are those presented herein and those of Dengler (ref. 1). The data may be correlated
as follows, so long as dry-wall boiling does not occur, for exit qualities greater than

11



1.5 CPZ(TSE - TBI)/A:

h
B_14:200x (18)

E
by,

|
a lm

It is believed that subcooled boiling effects cause discrepancies at lower exit qualities,
for the range of variables tested herein. The data correlated are for PE/PC from
10'3 to 10—2 approximately. Since the properties involved are uncertain, extrapolation
is uncertain.

Mean overall heat-transfer coefficients were calculated from equations (18), (7a)
or (Tb), and (6) and compared with the experimental values in figure 13, where
Ucalc/ U exp is plotted against the temperature drop in the heating fluid. Since ATH is
considered the most error-prone measurement, poorer accuracy is to be expected for
small ATg. The agreement is within +11 percent for ATy greater than 9° F (5° K)
and is poorer for smaller values of ATH.

Critical Quality Data

The range of conditions for which the transition to dry-wall regimes occurred was
too small to attempt a correlation of the data. A comparison is made in figure 14 with
the burnout data of Lowdermilk, et al. (ref. 23). The curve plotted represents burnout
data for electrically heated tubes, with a length-to-diameter ratio of 150 (diameters
from 0.051 to 0.188 in. or 1.30 to 4.78 mm), an inlet temperature of about 70° F
(295° K), and an exit pressure of about 15 pounds per square inch absolute (100 kN/m
Exit quality is plotted against the flow parameter GD for the data of test section 2
(LH/D = 139). Tails on the data points indicate that a large rise in inner-tube wall
temperature was observed, indicating dry-wall boiling. The fact that the curve approxi-
mately marks the dividing line between tailed and untailed points indicates good compari-
son between the onset of dry-wall boiling in a heat exchanger and burnout in electrically
heated tubes. (This is not intended to be a general correlation.) The agreement between
these two sets of data is reasonably good except for the lowest flow rates for the heat
exchanger. It is believed that this disagreement was due to instability, as considerable
flow oscillations occurred at low flow rates with high exit quality.

2).

12



SUMMARY OF RESULTS

The results of this investigation of the pressure drop and heat transfer for water
boiling in a vertical single-tube heat exchanger may be summarized as follows:

1. Data on heat transfer, pressure drop, and the {ransition from convective to dry-
wall boiling are tabulated for pressures from 3.5 to 24 pounds per square inch absolute
(24 to 165 kKN/m?2).

2. A slip-flow model similar to that of Thom was used to correlate the pressure
drop data. The ratio of mean gas-phase to liquid-phase velocities was assumed equal to
the square root of the liquid-to-gas density ratio. The mean two-phase friction factor
was then correlated as a function of mean liquid and vapor Reynolds numbers. Some
unpublished NASA sodium boiling data and Dengler's data for water were shown to agree
with this correlation.

3. Mean boiling-side heat-transfer coefficients were correlated for conditions in
which the transition to dry-wall boiling did not occur. The ratio of mean boiling-side
heat-transfer coefficient to that for all-liquid turbulent flow was found to increase with
increasing pressure and exit quality.

4. Data on the transition to dry-wall boiling were shown to agree roughly with the
burnout data of Lowdermilk, et al. for water flowing through electrically heated tubes,
so long as flow oscillations were avoided.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 20, 1967,
120-27-02-03-22.
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APPENDIX - NOMENCLATURE

cross-sectional area of boiling-
fluid passage, it2 (mz)

cross-sectional area of heating-
fluid passage, ft2 (m2)

heat capacity at constant pres-
sure for heating fluid,
Btu/(1b_)(°F) (3/(ke)(°K))

liquid heat capacity at constant
pressure for boiling fluid,
Btu/(b,)°F) (3/(e)(°K))

inside diameter of boiler
tube, ft (m)

outside diameter of shell tube,
ft (m)

outside diameter of boiler
tube, ft (m)

inside diameter of shell tube,
ft (m)

two-phase friction factor

mass velocity of boiling fluid,
Ib_/(hr)(it%)(sg/(sec) (m?))

acceleration due to gravity,
4.17x108 £t /nr? (9. 81 m/sec?)

conversion factor, 4. 17><108
(tt) (1o )/ (o) (br?)
(1.00 (m)(kg)/(N)(sec?)
heat-transfer coefficient,
Btu/(hr)(sq ££)(°F)(W/(m?) (°K)
mean boiling-side heat-transfer
coefficient, Btu/ (hr)(ftz)(OF)
(w/(m?)(°K))

hy,

AP

AP

API

mean tube-side heat-transfer
coefficient for all-liquid
turbulent flow, Btu/(hr)(ft2)(°F)
(W/(m?)(°K)

constant in eq. (3), Btu/(hr)(°F)
(W/°K)

thermal conductivity of heating
fluid, Btu/(hr)(ft)(°F)
(W/(m)(°K))

liquid thermal conductivity of
boiling fluid, Btu/(hr)(ft)(°F)
(W/(m)(°K))

length of boiler tube, ft (m)

distance from start of heating to
point of transition from con-

vective to dry-wall boiling,
ft (m)

heated length of boiler, ft (m)

length of unheated section at each
end of boiler, ft (m)

pressure drop across boiler, psi
(N/m?)

thermodynamic critical pressure
psia (kN/mz(abs))

boiler exit pressure, psia
(&N/m?(abs))

frictional pressure drop, psi
(KN/m?)

gravitational pressure drop,

psi (kN/mz)

inertial pressure drop, psi
2
(kN/m*)



Prandtl number of heating fluid,
dimensionless

ligquid Prandtl number of boiling
fluid, dimensionless

heating rate, Btu/hr (W)

heat given up by heating fluid,
Btu/hr (W)

heat loss from test section to
surroundings, Btu/hr (W)

thermal resistance of boiler tube
wall and heating fluid,
(hr) (%) (°F) /Btu
(m?)(°K) /W)

thermal resistance of boiler tube
wall of test section 1,
(hr)(t2)(°F) /Btu
((m®)(°K)/W)

thermal resistance of boiler tube
wall of test section 2,
(hr) (%) (°F) /Btu
(m®)°K) /W)

slip-flow parameter (fig. 6),
dimensionless

gravitational pressure drop
multiplier (fig. 7), dimension-
less

mean gas Reynolds number
(eq. (16b)), dimensionless

mean heating-fluid Reynolds
number, 4WH/7r(D1 + Dy)u
mean liquid Reynolds number

(eq. (16a)), dimensionless

inner heated surface area of
boiler tube, £t2 (mz)

outer heated surface area of boiler
tube, ft2 (m2)
0, ;0
temperature, ~F ("K)
temperature lost by heating fluid,
°F (°K)
mean temperature difference,
OF (OK)
arithmetic-mean temperature

difference across net boiling
region, °F (°K)

arithmetic-mean temperature
difference across subcooled
region, °F (°K)

mean overall heat-transfer coef-
ficient, Btu/(hr)(2)(°F)
(W/(m?)(°K))

ratio of gas to liquid velocities,
dimensionless

flow rate of boiling fluid, lbm/hr
(kg/sec) '

flow rate of heating fluid, lbm/hr
(kg/sec)

boiler exit quality, dimensionless

axial distance from start of
heating, ft (m)

thickness of boiler tube wall, ft
(m)

heat of vaporization, Btu/ o
J/kg)

viscosity, lbm/ (ft)(hr)
(kg/(m)(sec)

density, lbm/ft3 (kg/m3)
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Subscripts:

BE boiling-fluid exit
BI boiling-fluid inlet
calec calculated

exp experimental

fd fully developed

16

HE
HI

SE

gas property
heating-fluid exit
heating-fluid inlet
liquid property

saturation at boiler exit
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TABLE I. - TEST-SECTION DIMENSIONS

ft (cm)

ft (cm)
ft (cm)

ft (cm)

Dimension Test section
1 2
Total length of boiler tube, L, ft (m) 4.00 (1.22) 5.33 (1.63)
Insulated length (each end), LU, 0.146 (4.45) 0.146 (4.45)
Heated length, Ly, ft (m) 3.71 (1.13) 5.04 (1.54)
Inner diameter of boiler tube, D, 0.0358 (1.09) 0.0363 (1.11)
Outer diameter of boiler tube, Dy, 0.0417 (1.27) 0.0417 (1. 27)
Inner diameter of shell tube, DZ’ 0.0833 (2.54) 0.0833 (2.54)
Outer diameter of shell tube, D_, 0.0937 (2. 86) 0.0937 (2. 86)

0
ft (cm)

Boiler tube wall thickness, 9, ft (cm)

Inner heated surface area of boiler
tube, S, ft2 (m?)

Outer heated surface area of boiler
tube, Sy, 1t? (m?

Cross-sectional area of boiler tube,
A, ft2 (m?)

Cross-sectional area of annulus, Al‘

£t2 (m?2)

0.0029 (0.0089)
0.417 (0.0388)

0.485 (0. 0450)
0.00101 (9. 40x102)

0.00409 (3.80<10™%)

0.0027 (0.0081)
0.576 (0. 0535)

0.660 (0. 0614)

0.00104 (9.63x10

0. 00409 (3.80x10

_5)

_4)

19
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TABLE II. - EXPERIMENTAL DATA

{a) Test section 1 - countercurrent flow

2Length at which sudden rise in inner-wall temperature occurred.
bVariation in boiling-fluid flowrate 15 to 10 percent.
€Could not be determined accurately.

Run Boiling fluid Heating rate, | Critical length, a Heating fluid
Flow rate, Inlet Exit Exit | Exit Q Le Flow rate, [inlet temper-| Exit temper-
W, temperature, | temperature, | pressure, guality, WH ature, ature,
Tar TpE Pg *g Tm Tyg
Pm | kg |op |og °F | °k |psia | XX Btu | ww ft m P | kg °%p | % | %F | %k
hr sec m? hr hr | sec
(abs)

1 50 .0063| 84 302 216.5|375.6(16.0f110 | 0.08 10 000| 3.0 EEEE IEEE Tt 2060 | 0.260 |250 394.3| 245.5|391.3
2 52 .0065{ 91 306 218.5]376.8| 16.6 114 .26 19 300§ 5.7 EEEEN IR 1960 | .247 (294.5|419 284 413.2
3 51 .0064| 96 308.7 | 218.5(376.8] 16.6 .67 39 500|11.6 EECEN IEE RS 1980 .250 )340 444.8 ) 320 [433.2

4 50 .0063 (105 313.7} 218 376.5| 16.5 l .4 41 400|12.1 2.50] 0.762 2450| .309 (344 446.5| 327 | 437
5 b50 .0063 105 313.7| 218.5/376.8| 16.6 .80 44 400(13.0 2.50| .762 2950 . 372 [346 447.6 | 331 439.3
6 | P49 | .0062|107 |314.8(218.5/376.8|16.6(114 | .88 [47200/13.8 | 2.50)0.762 |3350] .442|346 [447.6| 332 |439.8

7 b51 .0064 (109 316 .80 44 700(13.1 l 3710 .468346 447.6 | 334 441

8 b51 . 0064|109 316 .87 48 300 14.2 4170 .525(345.5]447.3| 334 441
9 b50 .0063 (112 317.6 .88 | 47800(14.0 1.83/ .559 4500 .567)346 447.6 | 335.5:441.8
10 b50 .0063|114 318.7 .80 43 600(12.8 2.50| .762 4340 .547)|345.5]447.3( 335.5|441.8

11 b50 .0063|115 319.3| 218 376.5| 16.4] 113 .95 51 000( 15 1.83| .559 5610| .708|343 445.9| 334 441

12 b51 .0064 1117 320.4 | 218.5)376.8)16.6|114 { 1.0 56 00016 2.50] .762 6130| .762(343 445.9 | 334 441
13 b50 .0063(118 321 218.5(376.8| 16.7| 115 .16 42 00012 2.50| .762 6900| .870;343 445.9 ) 337 442.6
14 b50 .0063}118 321 219 an 16.8]116 .91 49 000 14 2.50| .762 8450| 1.07 (342.51445.6 | 337 |442.6
15 45 . 0057|122 323.2 1 216.5|375.6( 16.0| 110 .98 47 000| 14 1.83] .559 8450| 1.07 |330 438.7| 324.5)435.6
16 b53 .00671114 318.7( 217.5;376.2| 16. 3} 112 .98 55 000|168 2.50| .762 8450( 1.07 |328.5| 437.9| 322 434.3
18 b63 .0079|112 317.6 | 217.5|376.2{ 16.3| 112 .88 60 00018 3.17| .966 8500] 1.07 (329.5|438.4| 322.5|434.5
19 b67 .0084) 85 302.6 218.5|376.7| 16.7) 115 .22 22 800 6.7 Rl T 2150 .271|305 424.81 294 418.7
20 67 .0084| 88 304.3 | 218 376.5} 16.4| 113 .33 29 700 . -——- 2090} .263]322 434.3 | 307.5] 426.2
21 67 .0084] 91 306 218 376.5( 16.4) 113 .49 40 300|11.8 2180( .275)|343 445.9( 324.5| 435.6

22 b82 .0103|193 362.6 | 219.5( 377. 3¢ 17.0( 117 .39 32 500 9.5 —eme | e 2170| .273|315 430.4 300 422
23 8 .0098[180 355.4( 219 377 16.9( 116 .85 67 00020 3.17 . 966 8700( 1.10 | 332 439.8| 324.5/ 435.6
24 80 .0101]180 355.4| 219 37 16.9] 116 .70 57000117 (c) (c) 8630) 1.08 {335.5) 441.8( 329 438.2
25 b82 .0103(102.5(312. 3| 220 377.6) 17.1] 118 .89 64 00019 2.50 . 7162 8450| 1.06 |344 446.5| 336.5| 442.3

26 81 .0102(102.5]312. 3| 218.5( 376.7| 16.7| 115 .17 €9 00020 1.83 .559 8520| 1.07 }329.5( 438.4| 321.5( 434
217 b3 .0092 110 316.5| 218 376.5] 16.4] 113 .80 64 00019 1.83 .559 8520} 1.07 {330 438.7| 322.5| 434.5
28 96 .0121] 84 302 218.5| 376.7] 16.6| 114 .12 23500| 6.9 | ---- 2160] .272] 305 424.8) 294 418.7
29 96 .0121] 87 303.7] 218.5) 376.7| 16.6} 114 .20 31 400) 9.2 B 2130 .268| 322 434.3| 307 425.9
30 96 .0121] 89 304.8] 218 376.5] 16.4] 113 .29 39 500| 11.6 ——— ——— 2140 .270{ 344 446.5| 325.5| 436.2
31| 114 .0144|201 367 220 377.6| 17.1] 118 .29 32 100| 9.4 -—-- ———- 2140| .270| 316 430.9] 301 422.6
32 | 125 .0157] 82.5|301.2] 219 377 16.9] 116 .03 20 700{ 6.1 ———— -—— 2160| .272) 304 424.3| 294 418.7
33 | 125 .0157| 85 302.6( 218 376.5| 16. 3| 112 .14 33000 9.7 e B 2090 .264] 321.5! 434 305.5| 425.1
34 ) 124 .0156( 87.5| 304 217.5] 376.2| 16.4] 113 .19 39 000 11.4 EEEEY I EE 2110} .266| 344 446.5( 325.5; 436.2

35 ] 175 .0221]200 366.5| 219.5] 377.3| 17.0{ 117 .19 31800 9.3 - ——— 2170 .274| 314.5| 430.1| 300 422
36 | 184 .0242| 82.5|301.2( 216 375.4| 15.8( 109 | O 23900( 7.0 ——— .—-- 2150| .271| 305 424.8) 293.5| 418.4
37 | 182 .0239] 85 302.6 | 218.5( 376. 8| 16. 7] 115 .04 30 900{ 9.1 - ——— 2100 .265} 326 436.5( 311 428.2
38| 181 .0238| 87.5} 304 218 376.5| 16.5( 114 .08 38 000 11.1 ———m] e 2060| .257] 343 445.9( 324.5) 435.6
39| 239 .0301] 83 301.5| 218.5| 376.8| 16.6( 114 .01 32 100f 9.4 EEE ST 2110; .266; 327 437.1] 311 428.2
40 | 239 .0301( 83.5| 301.8| 219 3 16.8{ 116 .03 38 500¢ 11. 3 ———- -——— 2090] .264] 342.5| 445.6| 324 435.4
41 | 261 . 0329 201 367 220 377.6| 17.1| 118 .12 33600; 9.6 - ---- 2160| .272| 316 430.9( 300.5| 422.3
42 | 356 .0448] 199 366 220 377.6| 17.1| 118 .09 32 800f 9.6 ——— ———- 2050 .258 316 430.9] 301 422.6
43 | 455 .0573/200.5| 366.8| 219.5f 377.3| 17.0{ 117 .06 32 300| 9.5 -] - 2100f .265| 315.5 430.6| 299.5| 421. 8,
44 | 518 .0652( 120. 5] 322.3( 218.5( 376.8( 16.7| 115 .04 69 000| 20 el Lt 85201 1.07 | 329 438.2] 321 433.7
45 | 518 .0652] 155. 5 341. 8| 219 3 16. 8| 116 .08 69 000| 20 -] ---- 8520 1.07 | 329 438.2| 321 433. 7,
46 | 518 .0652| 185.5| 358.4| 220 377.6| 17.1] 118 L11 69 000{ 20 R T 8520] 1.07 | 329 438.2| 321 433.7




TABLE II. - Continued. EXPERIMENTAL DATA

(b) Test section 1 - parallel flow

Run| Boiling fluid Heating rate, | Critical length, a Heating fluid
Flow rate, Inlet Exit Exit | Exit Q Lec Flow rate, |inlettemper- | Exit temper-
WB temperature, | temperature,| pressure, |quality, WH ature, ature,
Tar TBE Pg *g Th TrE
1b b
Cm| kg | op Jog | Op | Og |pgsp | KN Bu |y | | m |-m|ke| op| og| op | o
hr sec me hr hr | sec
(abs
1 50(0.0063] 87.5|304 219 | 377 16.8| 1161 0.40 [ 25 800} 7.6 e [t 2110|0.266| 302 }423.2| 289.5| 416.2
¥ 2 50| .0063] 90 |305.4|219.5}377.3( 17.0| 117 .58 34 000]10.0 | e 2100| .264] 327 |437.1} 310 |427.6
3| Ps1| .oo64| 99 |[310.4)218.5[376.8| 16.7{ 115 .67 39600/11.6 2.50] 0.762 2090) .263| 348 |[448.7| 329 |438.2
7 67| .0084| 88 [304.3)|219 |[377 16.9]|116| .26 24 700} 7.2 —mee| - 21207 .267( 305 |[424.8| 293 {418.2
8 67| .0084| 91 |306 218 | 377 16.9| 116 .41 35200/10.3 e 2090| .263| 326 |436.5| 309 [427.1
t 10| Pes| .o107] 93 {307 |[221 |3718.2| 17.4|120| .63 | 62000|18 e et 6260 .788| 341 [444.8| 331 [439.2
11 95{ .0120( 87 [303.7(218.5|376.8| 16.8| 116 .15 25 800 (10.5 Bt EEEE 2120| .267} 306 |(425.9| 293.5|418.4
12 96| .0121| 89 |304.8)218 |377 16.9( 116 | .23 33900| 9.9 ] et 2080| .262| 326.5)436.8] 310 |427.6
13| 124| .0156| 86 |[303.2(218.5)376.8( 16.8( 116 .09 27500 8.1 B 2160| .272]| 307 |425.9| 294 |[418.7
14 | 124 .0156| 88 |[304.3(219 |377 16.9( 116 | .17 35900 |10.5 -] - 2100| .264| 327 |437.1] 310 |427.6
15| 126§ .0159| 86 |[303.2|218.5[376.8| 16.7|115] .19 30 800 |11.7 2100| .264| 343 |445.9| 324 |435.4
16 | 181| .0228| 85 |302.6(219 |377 16.9) 116 .01 25 800| 7.6 2120| .267| 304.5]424.5| 292 |417.6
17 | 182{ .0229| 90 |[305.4]220.5(377.9( 17.3{ 119 .07 35 500 10.4 2100 .264] 327 |437.1| 310 |[427.6
18 183{ .0230| 83.5]301.8(218.5(376.8| 16.6| 114} .11 43 100|12.6 2100| .264| 342 445.4| 321.5) 434
19 | 240| .0302| 90 |305.4|220 |377.6| 17.1{118] .02 35 400 | 10.4 2100| .264( 327 1437.1| 310 |427.6
20 239] .0301] 83 301.5] 220.5|377.9| 17.2] 118 .03 39 800)11.7 2100| .264] 341 444.8| 322 434.3
(c) Test section 2 - countercurrent flow
Run| Boiling fluid Heating rate, | Critical length, a Heating fluid
Flow rate, Inlet Exit Tnlet Exit Exit Q Le Flow rate, | Inlet temper- | Exit temper-—
WB temperature, | temperature, | pressure, |pressure, |quality, WH ature, ature,
T TeE Py Pg Xg Tu1 Tag
by | K o o KN KN Btu By [ K ]
_m} ke F| °k ¥ ok |psia| X |psia| == Bl kw ft m _m) X} op | % °r | %k
hr sec 2 2 hr hr sec
m' m'
(abs)| (abs)
1 b49 0.0080| 145 | 336 148.5(337.9| 8.1| 56 3.6] 25 | 0.88 [44 000! 13 1.75] 0.533 7980 11.01 | 286 414.3 | 280.5(411.2
2 b50 .0063| 135 | 330.4 | 149.5(338.4|11.0| 76 3.7 26 .88 |44 000 | 13 1.25 . 381 8060 [1.01 | 344.5| 446.8 | 339 443.7
3|P62 .0078| 113 | 318.2 | 155 [341.5( 8.5( 59 | 4.2]| 29 .73 | 48000 | 14 Bl T 8200 (1.03 | 256 |397.6 | 250 |394.3
4| 61 .0077| 106 | 314.3 | 150.5|339 10.5| 72 3.8] 26 .82 |53000 | 15 3.25 . 990 8050 [1.01 | 285.5{ 414 279 410.4
5 b61 .0077| 150 | 338.7 | 146 336.5(10.2| 70 3.4} 23 .78 |48 000 | 14 2.25 .686 8010 [1.01 | 315 433.4 | 309 427
[ b63 .0079| 135 | 330.4 | 157 342.6 [{13.0| 90 | 4.0 28 1.0 68 000 | 20 1.75 .533 8080 [1.02 | 342 445.6 | 333.5|440.6
71 M1 .0089] 115 | 319.3 | 156 342 15.5|107 | 4.3} 30 .83 |61000 | 18 2.00 .610 8130 (1.02 | 335.5|441.8 | 328 437.6
8| 70 .0088 117 | 320.4 | 156 342 13.5| 83 | 4.3]| 30 .93 | 68000 | 20 2.25 .686 8100 (1.02 | 339 443.7 {331 439.2
9] 78 .0098} 107 | 314.8 | 155 341.5(11.2| 77 | 4.2| 29 .82 |68000 | 20 4.50 | 1.37 8050 11.01 | 287.5|415.1 | 279 410.4
10| 79 .0099] 108 | 315.4 | 160.5|344.3 |13.5| 93 | 4.8| 33 .85 (71000 | 21 2.25| .686 [8100(1.02 | 341 |[444.8 {332 [439.8
11| 98 .0124] 115 | 319.3 | 156 |342 9.3| 64 | 4.3( 30 .45 (48000 | 14 PETE T 8200 {1.03 | 255.5( 397.3 | 249.5| 394
12| 98 .0124] 115 | 319.3 | 160.5(344.3(12.3| 85 | 4.8 33 .65 |69 000 | 20 R al [t 8050 |1.01 | 288.5(415.6 | 280 [411
13| 98 .0124| 121 | 322.6 | 160.5(344.3|14.5(/100 | 4.8 33 .77 | 80000 | 23 4.25|1.30 8010 (1.01 | 318.5(432.3 | 308.5(426.8
14 (123 .0155| 110 | 316.5 | 162 |345.4)12.7| 88 | 4.9| 34 .50 | 68000 { 20 v | 801011.01 | 289.5(416.2 | 281 {411.5
15|153 .0193 114 | 318.7 | 157 |342.6| 8.7| 60 | 4.4| 30 .24 [43000 | 13 R et 8200 |1.03 [ 256 |397.6 [251 |394.8

- a‘Leng‘th at which sudden rise in inner-wall temperature occurred.
bVarlation in boiling-fluid flowrates +5 to 10 percent.



[Fean]

Flow rate, Inlet

WB temperature,
Tp1

Pm| kg | op | og

hr sec
16 | 155 [0.0195]125 |324.8
17 | 240 | .0303125 |324.8
18 | 374 | .0472]{115 |319.3
19 | 586 | .0730[119 |321.5
20 | 864 | .100 {116 |319.8
21 |86¢ | .109 | 79.5]299.5
22| 88 | .ou11| o6 [308.7
23| 97 | .o122| o1 |308
24 | 110 | .0138|100 |[316
25 | 121 | .0153[106 |314.3
26 | 154 | .0194[120.5)322.3
27 | 239 | .0302[108 |315.4
28 | 375 | .0473[106 [314.3
20 | 582 | .o734{112 |317.6
30 (859 | .108 [ 78 [298.7
31 { P53 | .o067[130 |327.6
32 | Ps3 | .ooe7|115 |319.3
33 | Ps2 | .oos6|115 |319.3
34| 57 | .0072[110 [316.5
35 | Pse | .oo73{110 |s16.5
36 | P51 | .o0s4|160 |344.3
37 | 100 | .o126| 81 |300.4
38 [ 100 | .0126] 84 [302
39 | 99 | .o125| 85 |302.6
40 | 99 | .0125| s0 |305.4
41 | 100 | .0126] 92.5|306.8
42 [ 100 | .0126]188.5]360.1
43| 99 | .o125|191 |361.5
24| 97| .0122| 206 |369.8
45 | 96 | .o121|205 |[369.3
46 | 100 | .0126| 205 |369.3
47 | 200 | .0252| 75 |207
48 [ 201 | .0253| 75 |297
49 199 | .o251] 77 |298.2
50 | 197 | .0248] 79 |299.3
51 | 204 | 0257|220 |377.8
52 | 153 | .0193|118.5{321.2
53 | 195 | .o246|119 |321.5
54 | 244 | .0308]126.5]325.6
55 zsiJ .0372| 125 | 324.8

TABLE II. - Continued. EXPERIMENTAL DATA

{c) Continued. Test section 2 - countercurrent flow

Boiling fluid
Exit Inlet
temperature, | pressure,
TpE Py

op K psia Rl
m2

(abs}

162.51345.6 | 13.4 92
158 [343.2 8.7 60
159 343.7| 8.8 61
160 (344.3| 9.0 62
160.5(345.6 | 8.5 59
152 339.8 | 7.4 51
165.5(347.3 | 14.5| 100
169 [349.3 (16.0| 110
173.5(351.8 | 18.0( 124
175.51352.9 | 18.0| 124
171.5(350.6 | 17.0| 117
165 | 347 13.0 90
169 349.3 | 12.3 85
171.5{350.6 | 11.8 81
176 [353.2(12.0 83
184 |357.6 | 12.4 86
183.51357.3 1} 12.0 83
184 |357.6 | 11.9 82
184 3567.6 | 12.5 86
184 |357.611.8| 81
183 | 357 12.0 83
183 357 10.5 72
184 |357.6 | 11.0| 176
183 357 13.5| 93
183 | 357 15.6| 108
183 | 357 16.5| 114
177 [353.7| 9.4 65
178 354.3 [ 11.3 8
181 | 356 13.7| 9%
181 356 15.0| 103
181.5|356.2 | 17.0| 117
183.5(357.3 | 11. 3 78
183 357 14.0 97
184 |357.6{17.1 118
183.5[357.3[20.5) 141
187 |359.2|25.2| 174
183 | 357 21.0| 145
187 |359.2 | 21.7| 149
188 [359.8(22.5) 155
190 {361 | 22.5[ 155

Exit
pressure,

psia

N
0 -1 D O

PREEI®IT HTII® PODED DEIBE® NDAGD OO ;e
(= =R S - - LU U I XY oommu:éb

- O

5000000000
©w© a0

WM W ow

N aNn oo

2Length at which sudden rise in inner-wall temperature occurred.
'Variation in boiling-fluid flowrates +5 to 10 percent.

22

P

m
(abs)
34
31
32
32
33

27
37
40
45
47

43
37
41
43
48

57
56
57
57
57

55
55
57
55
55

55
48
50
53
53

54
56
55
57
56

60
55
60
61
64

E R
L)
2

Heating rate,
Exit Q
quality,
*E
Btu | w
hr
0.41 |70 000 | 20
.13 |39 000 | 11.5
.07 [43000 | 13
.04 |46 000 | 13.5
.02 | 56000 | 16.5
.002 | 64 000 | 19
.17 | 74000 | 21.5
.84 | 88100 | 25.8
.18 | 92400 | 27.1
.71 | 931700 | 27.3
.48 | 81800 [ 24.0
.21 | 64000 |19
.12 | 69 000 | 20.5
.06 | 68000 | 20
.10 {99000 | 29.0
.73 | 41000 | 12
.88 | 50 000 | 14.5
.54 | 31000 | 9.2
.85 (52000 (15
.57 | 37000 | 11
.95 | 49 000 | 14.5
.06 | 16000 | 4.7
.26 | 35000 ( 10.5
.58 | 66 000 | 16.5
.85 | 82200 | 24.1
.85 | 83500 | 24.5
.26 (24000 7.0
.42 [ 40000 | 12
.58 | 53000 | 15.5
.80 | 73000 | 21.5
.85 | 82000 | 24.0
.06 | 34000| 9.9
.20 | 61000 18
.33 | 87300 | 25.6
.42 1103 000 | 30.1
.53 |99 300 | 20.1
.63 [105 000 | 30.7
.47 103 000 | 30.4
.35 199800 ) 29.2
.27 | 98500 | 28.9

Critical length, *

L

3.00
3.50
4.00
4.50

1.75
2.75
2.00
2.75
2.50

1.50

4.50

3.75

4.00

2.50

C

Heating fluid

Flow rate,
Wy
Pm | kg
hr sec
8050 [ 1.01
8110 | 1.02
8110 | 1.02
8110 | 1.02
8110 | 1.02
8020 | 1.01
8100 | 1.02
8100 | 1.02
8100 | 1.02
8060 | 1.02
8010 | 1.01
8010 | 1.01
8010} 1.01
8010 | 1.01
8110 | 1.02
7990 | 1.01
8010} 1.01
8010 | 1.01
8020 ( 1.01
7980 | 1.00
8120 | 1.02
8380 | 1.06
8010 ( 1.01
8040 | 1.01
7920 | 1.00
7970 | 1.00
8190 | 1.03
8100 | 1.02
8040 | 1.01
8010 | 1.01
7990 | 1.01
8060 | 1.01
8050 | 1.01
7970 | 1.00
8020 | 1.01
8050 | 1.01
8060 | 1.01
8100 | 1.02
8100 | 1.02
8100 | 1.02

Inlet temper-

ature,

T,

oF

289
255
256.
256.
257,

256
338
338.
340.
340

317.
288

289.

289
322.

304.
291.
289
290
300.

321
226
254
288.
320.

340.
228
255
285.
318.

341
254.
288.
321.
343

342
342.
342.
341
342.

5

5

5

5

5

HI

K

415.
397.
397.
397.
398.

397.

443.
443.
444.

444.

431.
415.
416.
415.
434,

424.
4117.

415.

416.
422.

433.
381

396.
415.
433.

444.
382
397.
414
432.

444.
396.
415.
434

445.

445.
445.
445.
444.
445.

AT~ LR ) WD N e B WD WD s ©

U YIS S

Exit temper-
ature,
Tag

°r | %

280.5 [411.2

250 394.3

251 394.8

250.5 | 394.6

250.5 | 394.6

248 393.2

329 438.2

328 437.6

329.5(438.4

328.5}437.9
307.5(426.2

280 420.9

281 411.5

280.5 | 411.2

312.5 | 429

299.5|421.8

285 413.17

285 413.17

283.5 (412.9

296 419.8

315 430.4

224 379.8

249.5 ( 394

280.5 | 411.2

310 427.6

330 438.7

225 380.4

250 394.3

219 410. ¢

309.5 | 427.3

331 439.3

250 394.3

281 411.5

310.5 [ 427.9

330.5 | 439

330 438.17

330 438.7

330 438.7

329 438.2

330.5 | 439




56
57
58
59
60

61
62
63
64
65

66
67
68
69
70

7
72
3
4
%

76
17
8
79
80

81
82
83
84
85

86
87
88
89

Flow rate,
Wg
Pom| kg
hr sec
23810.0300
377| .0475
580 | .0731
858| .108
860{ .108
99| .0125
101| .0127
991 .0125
99| .0125
99| .0125
97 .0122
100| .0126
100| .0126
371| .0468
581} .0732
855 .107
861| .108
100| .0126
100| .0126
100 .0126
98| .0124
100| .0126
99 .0125
102| .0128
100 | .0126
99| .0125
100| .0126
98| .0124
99| .0125
101| .0127
50 .0063
50 .0063
50| .0063
50| .0063

Inlet
temperature,
Tar
oF | %k
128 326.5
127.51326.2
126 325.4
135 330.4
130.5| 327.9

85 |302.6
85 302.6
88.5] 304.6
90 305.4
200 366.5
203 368. 2
216.5(375.6
219 377
141 333.7
137 331.5
143 334.8
86 303.2
69 293.17
70 294.3
74 296.5
199 365.9
198 365.4
204 368.7
210 372
68 293.2
72 295.4
14 296.5
230 383.2
229 382.6
229 382.6
85 302.6
88 304.3
103 312.6
110 316.5

TABLE O. - Concluded. EXPERIMENTAL DATA

(c) Concluded. Test section 2 - countercurrent flow

Boiling fluid
Exit Inlet Exit
temperature, | pressure, pressure,
TBE PE

oF Ok |psia| XN |pgia | KX
m2 m2
(abs) (abs)

179 354.8117.9| 123 7.1 49
182 356.2117.8] 123 7.91 54
187 359.3(16.7] 115 8.7| 60
188 359.8 16.4| 113 8.9| 61
179 354.8 |12.9 89 7.4| 51
202 367.6 |13.7| 95 [12.0| 83
202 367.6 | 15.4| 106 [12.0| 83
202 367.6 |17.4( 120 [12.0| 83
202 367.6 {18.0| 124 (12.0| 83
200 366.5)13.3] 92 [11.5| 79
201 367 15.7| 108 |11.7| 81
197 364.8116.7| 115 |10.1| 70
197.5(365.117.2| 118 [11.0| 176
194 363.2(23.7| 163 |10.2| 70
200 366.5(22.5| 155 (11.5( 79
205 369.3(22.2} 153 |12.8| 88
190 360 15.7 108 9.3 64
218.5|376.8|18.3| 126 |16.6| 114
219 377 20.5| 141 |16.8] 116
219.5{377.3|21.7| 149 |17.0| 117
218.5(376.8 | 17.7| 122 [16.7]| 115
218.5376.8|18.7| 129 |16.7{ 115
219.5(377.3)21.3| 147 |17.0} 117
220 377.6122.2| 1563 |17.2] 118
238.5(387.9125.81 178 |24.1] 166
237.5|387.3(25.8( 178 [23.8] 164
238 387.6|27.0| 186 |[24.0{ 165
237.5|387.3|24.5( 169 |23.7| 163
238 387.6|26.5| 183 |24.0] 165
238 387.6|27.5} 189 |24.0| 165
180 355.4| 9.4| 65 7.5| 52
181 355.9110.0| 69 7.7| 53
183 357 10.7}| 74 8.0| 55
183.5)357.3|11.9) 82 8.1] 56

aLength at which sudden rise in inner-wall temperature occurred.
bVariation in boiling-fluid flowrates x5 to 10 percent.

Exit
quality,
*E

0.29
.16
.09
.05
.04

.16
.45
.70
.78
.28

.59
.68
.78
.23
.12

.06
.03
.29
.64
.83

.11
.43
.67
.80
.10

.50
.66
. 30
.68
.89

. 26
.56
.91
.99

Q

Btu
hr

82 400
81 800
84 100
84 200
74 000

27 000
56 000
79 000
89 000
27 000

56 000
64 000
74 000
98 800
104 000

98 800
118 000
41 000
76 000
94 400

11 000
42 000
65 000
80 000
26 000

64 000
79 000
29 000
65 000
87 000

18 000
33 000
49 300

952 400

Heating rate,

kw

23.
24.
24.
24,

22

16.

23

26.

16.

19

21,
29.
31.

29.
35.

12
22

27,

12.

19

23.

18.
23.

19

25.

14.
15.

-3 -1 © ©

=

=]

o

6

Critical length, a
C

4.00
3.50

3.00
2.75

4.50

3.00

3.50
3.25

Flow rate,

8010
8050
8050
8010
7980

7980
8040
8010
7880
8000

7960
8000
8000
8060
8100

8060
8150
8040
7910
7890

8020
710
8000
8020
8010

8000
7880
8070
8000
8020

4020
4060
4030
4030

==

[N

-

—

o e e

01
01
01
01
00

00

.01
.01
.994
.01

00
01
01
02
02

02

.03
.01
.997
.994

.01
. 997
.01
.01
.01

.01
.993
.02

01

.01

. 507
.512
. 508
. 508

Heating fluid
Inlet temper- | Exit temper-
ature, ature,
T THE
°F | %k °r | %k

318.5(432.3 {308.5]426.8
318.5(432.3 |[308.5(426.8
319 432.6 |308.5{426.8
318.51432.3 (308 426.5
290.57416.8 |281.5(411.8
253.5(396.2 |250 394.3
287.5(415.1 |280.5|411.2
320 433.2 |310.5/| 427.9
340.5(444.5 |329.5|438.4
253.5]396.2 250 394.3
289 1415.9 |282 412
319 432.6 |311 428.2
342.5|445.6 (333.5| 440.6
342.5|445.6 (330.5| 439
342.5|445.6 [330 438.7
344.5]|446.8 |332.5|440.1
344.5|446.8 (330.5| 439
286.5|414.5 |281 411.5
319.5|432.9 (310 427.6
340.5)|444.5 (329.5|438.4
250.5] 394.5 |249 393.17
286.5|414.5 (281.5(411.8
318 432 310 427.6
342 445.4 |332 439.8
283.51412.5 |280 410.9
319.5]432.9 (311.5(428.4
340 444.3 |330 438.7
282.5]412.3 |279 410.4
320 433.2 |312 428.7
342.5|445.6 |332 439.8
230.5/383.4 |226 381
259 399.3 [250.5]394.5
290.5/416.8 278 409.8
303 423.7 290 416.5

23
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Figure 1. - Schematic diagram of test rig.
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Heating-fluid temperature drop (corrected for heat loss), Th1 - The) - QWCpu, °K
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Test section
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Figure 3. - Comparison of heating-fluid temperature drop (corrected for heat loss) with that computed from coolant

temperature rise.
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Figure 7. - Gravitational pressure drop multiplier R, as function of exit quality for various values of density ratio.




30

- . .2
Modified friction factor, fTPReg

! [

[
O %:<0.15 -
O 0.15$xg <0.40 > No dry-wall boiling |
<O 0.40<xp <0.70
A Dry-wall boiling observed —]
.2
)
(m] L1
ol
1 A Os o~
. “ L{TI B 4T
.08 A 08 | 1 PH LT
6 &0 1 L v
0 A
A K 0.2. .5)
o BB || [“trpRed-2- 0.020(1 + 0.027 Ref
L 8 § |/\
&
.02 3
4 6 .81 2 4 6 8 10 20 4 60x10

Mean liquid Reynolds number, Re;

Figure 8. - Correlation of two-phase friction factor as function of mean Reynolds

Experimental pressure drop, APexp' NIm2

numbers of liquid and vapor.

P17 1T T 1

(@] XE <0.15

O 0.15$xg <0. 40} No dry-wall boiling — |
& 0.40<xp<0.70

A Dry-wall boiling observed

¥ Unpublished NASA Sodium data

D x> 0.15, nodry-wall boiting (ref. 1) |

1103 5 -
20 Percent
120 _ /
=y / op
& 4 -20 Percent
00— o® " N
o / D@ ,r/
g 12 A =
80— 5 4/ 3 d
5 7 AE _\/
a N/
— 2 O
60 £ 3 3 / s
£ — X S
Qop— & B A0
E 1
8 4 £
20— e /7
0 I
0 4 8 12 16 20

Calculated pressure drop, AP i, psi

(N Y R IR Y I I
0 a0 O 60 8 10 J20 140x10°
Calculated pressure drop, APgy., N/m

Figure 9. - Comparison of experimental pressure drop data with values
calculated from equations (14) and (17); exit quality, >1.5 cpy(Tgp - TBI)I)\;
boiler flow rate, >60 pounds (mass) per hour (0. 0076 kg/sec).

64,

2
RyG

9\, M1 0.2 5

AP aic = Rpply(3)+ ==+ 0.020 Reg™ 5(1 + 0.027 Re- °JR) + 2)
calc " " 2Pt H<gc> Pl g ( ?)‘1 piacD




e

Mean boiling-side heat-transfer coefficient, hp, WImAK)

[} I I I [ I I I I I
Boiling-fluid flow rate,
W

B
Ib/hr  kalsec
O ~50 ~0.0063
O ~65  ~.0082
S ~1000 ~.0126
4000 A ~120 ~.015
v ~l180 ~.023
L ~52000 O ~240 ~.030
= ] O ~50 ~.066
20 OOOF‘ N;__j 3500 Open symbols denote test section 1, countercurrent flow
= Half-filled symbols denote test section 1, parallel flow
= / Solid symbols denote test section 2, countercurrent flow —A~100
3
2
3 -
o 00 /
_!:~ A O
15000(— 5 47 . ¢
2 2500 f ~180—F~120 g ~50
k- W / ~6
8 XA / s
£ yam4 4 d
S 2000 , /! // — e
10 000|— E / / // // A
2 v/ o
3 1500 ™ Y 4 A P Ié ///
£ A
2 7 Y //\/
§ o0 A & A
so00l— 2 iy / & /d b
=/
soof &l o /
0 .10 .20 30 4o .50 .60 .10

Exit quality, xg

Figure 10. - Mean boiling-side heat-transfer coefficient as function of exit
quality for various boiling-fluid flowrates. Exit pressure, ~17 pounds per
square inch absolute (~115 kN/m“); no dry-wall boiling.
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Figure 11. - Ratio of mean boiling-side heat-transfer coefficient to that for all-
liquid turbulent flow as function of exit quality for exit prgssures of ~8 and
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Figure 12. - Ratio of mean boiling-side heat-transfer coefficient to that for all-liquid
turbulent flow as function of exit quality and pressure for no dry-wall boiling and

exit quality greater than 1.5 cpy{Tgp - TprliA.
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